INTRODUCTION

FAULT LOCATION FOR DISTRIBUTION SYSTEMS
Faults occurrence in distribution systems is related with reliability, security and quality of the offered service. Generally, it can be caused by a variety of situations that the system is inherently susceptible, like adverse weather conditions and equipment failure. For interruption duration reduction and cost minimization it is necessary a fast, exact and reliable diagnosis, including the fault detection, classification and location. Usually, the last one is estimated by information from customers and it is verified by experience dispatcher who sends the crew to the suspect location. If the initial estimation is incorrect, the dispatcher will have to make another guess and redirect the crew to the newly suspected location.
In the last years, a lot of methods for the fault location problem for distribution systems have been developed. Most of them based on calculating the distance from a protective device to the fault. These methods can be classified in three groups: the first one uses the traveling waves, the second one uses harmonics and the last one uses the apparent impedance, obtained from the voltages and currents fundamental components. Among them, the latter method gives higher accuracy; however, it needs additional communication devices to data transmission.
The detection and classification can be accomplished by the measured voltage and current waveforms analysis, in the same way for transmission systems. However, the fault location approaches in transmission lines are not a good choice for distribution networks. As a matter of fact, the structural complexity of the system can result an ambiguous indication of the fault location, since more than one possibility can be found [1] . In addition to that, the reduced measurement points, uncertainty about fault resistance values, nonhomogeneity of the line, load uncertainty and phase unbalance can difficult the fault location.
Generally, the proposed methods for fault diagnosis consider the detection step was already accomplished and do not bring any additional information. However, the artificial neural networks (ANN) can be used to do it [2] . On the other hand, the wavelet transform (WT) has been used to fault detection too [3] .
An automated distribution system fault location was proposed in [4] . It integrates available register measurements from the digital fault recorders (DFR) with the additional information of the feeder configuration and protective coordination, obtained from a database. This scheme uses the voltage and current fundamental components.
The fault diagnosis scheme proposed in [5] consists of two steps: the first one provides the fault location among multiple possible locations, obtained using current pattern information specified by the protective device operation. The second one attempts to diagnosis the most likely one from the analysis of the system configuration for each protective device actuation. The proposed scheme in [6] creates a formulation for unbalanced systems similar the balanced systems analysis. The goal is to locate the fault occurrence inside each line section. In [7] , a sorted queue with all possibilities of the line sections, which the fault can be localized, is obtained from the comparison between measured and simulated currents system values using a fuzzy set formulation. Another method proposed in [8] uses ANN for fault location considering low impedances and high impedances situations.
In this paper the fault location problem for distribution systems is reduced to an identification problem of the protective zone where the fault happened. The diagnosis is possible using the voltage and current waveforms obtained from the DFR installed in the substation. Those informations are organized in the COMTRADE standard [9] . The first step identifies the number of reclosings from the information about the current wavelet coefficients. Decision rules are used to fault location. The rules are established from the analysis of the feeders load variation for a variety of protective devices operations and demand factors. For the methodology evaluation, a real 13.8 kV distribution feeder of the Campina Grande city, a northeastern Brazil city, was used and a variety of faults situations were considered. The distribution system was simulated using ATP [10] .
PROPOSED METHOD
The proposed method algorithm is summarized in the Fig. 1 . The localization system is automatic and installed in the substation. There is an instance of the program for each substation feeder. Since the distribution feeder considered is radial, the only one point of measurement in the substation is regarded. However, in special cases there are other points of measurement in huge customers or in the strategic locations of the system. In those cases, the measurements can be incorporated to the method and improve its performance. The algorithm is composed by a sequence of tests with the objective of reducing gradually the fault possibilities until obtains the correct fault location. It runs for each register recorded by the DFR. The data acquisition software, which saves the DFR recorded registers, is considered already installed. Another remark is that the register always contains a pre-fault and a fault period.
C C I I R R E E D D
The first step of the algorithm is to apply the discrete WT to the sampled current waveforms. The used mother wavelet was the Daubechies 4 [11] . A hardtreshold was applied in each current coefficient to reduce the noise in the measurements. The instants of fault interval and the reclosings are clearly identified from the currents wavelet coefficients (Fig. 2) . In fact, only the first scale coefficients are used to do that, because the faults occurrence is better characterized by them.
From the analysis of the coefficients, the interruption time (t open ) is estimated. Comparing this time with the recloser device time protection, the number of reclosings is determined. Thus, depending of this result it is possible to detect a fault or identify a normal operation of the system or a scheduled interruption of the feeder. In the last two cases, the algorithm is ended and reports a normal operation. Otherwise, the algorithm continues running.
At this moment, a self-clearing fault can be identified when the peak currents of the first cycles (I pre ) and the peak currents of the last cycles (I post ) are approximately the same. The fault is localized on the recloser protection zone if I post ≠ I pre and I post is almost zero, but if I post is not zero, a fault on a sectionalizer protection zone is identified. However, in this case there are a variety of diagnosis possibilities, because different currents values are measured in the substation when each protective device acts.
The measured currents depend on the nominal load in each protection zone and the demand factor. For each register, the demand factor is considered unique and can be determined from the I pre . There is not problem with regard to this, since the register duration time is very smaller than the system loads time variation.
The correct sectionalizer protection zone identification depends on the actual demand factor. However, it is an uncertainty. So, it is necessary to build a simulated current database with a large number of situations with different demand factors. The ATP is used to do that. In fact, the currents simulated values are obtained for the system normal operation and for the action of each protective device. Thus, the I pre and I post simulated values can be determined; since the first one depends only on the demand factor and the second one depends on which protection device acts.
The database must be ready before the system installation and the algorithm performance increases with the level of realism of the system model.
From the register, it is known the actual demand factor. Consequently, the I pre and I post simulated values are determined from the current database. The minimum root square error between the measurements and the I pre and I post simulated values determines the fault location on which correct sectionalizer protection zone. So, in this case, the fault location is based on the loading variation in the feeder after the protective device actuation. 
METHOD APPLICATION
The proposed method was evaluated to a real 13.8kV distribution feeder of the Campina Grande city, a northeastern city of Brazil. There are three sectionalizers and one recloser for the system protection. Thus, there are four feeder configurations depending on which device acts. The feeder is illustrated in the Fig. 3 and additionals information are presented in the Table I . Three different cables types were considered and its paremeters datails are found on Table II  [ 12] . A variety of faults situations were considered to form a set of 600 different test cases (Table III) . The demand factor variation for the current database was 5% to 105% of the nominal load, in a 1% steps.
The distribution feeder was modeled and simulated using the ATP. The skin adopted was 0.33 and the ground resistivity 350 Ω.m. A constant impedance load model has been adopted, a PI model has been used to all line sections and the recloser and sectionalizer have been considered simple switches. The sampling frequency considered was 1200Hz.
The obtained results indicated 100% success percentage for the fault location diagnosis for all test set, providing the correct identification of the protection zone on which the faults occurred. In addition to that, the proposed method was entirely successful with respect to the demand factor, from the decision rules, and the number of reclosings and its interruption times, from the wavelet coefficients. 
CONCLUSIONS
The obtained results attest the efficiency and effectiveness of the proposed method. A 100% success percentage in all instances of the fault location was achieved for the 600 situations of the test set.
A great advantage of the proposed method is that it works even there is only one measurement point in the feeder. However, if there are more measurement points, the diagnosis can be improved. One has been considered that a data acquisition system is already installed in the substation and all registers recorded by the DFR contain a pre-fault and a fault period.
There must be stated that the research is not over yet, but, as far as it has gone, the results deserve enthusiasm that the proposed method can without large trouble be extended to any real feeder. It is going be applied for real situations, obtained from a Brazilian utility companies faults database and so the performance of it will be better evaluated.
